Abstract. Geometric errors are of great influence to the machining accuracy of machine tools, so they should be given special consideration in the design of machine tools. This paper proposes an approach for error allocation of machine tools. Based on D-H and Monte Carlo simulation (MCS), the reliability and sensitivity analysis were formed into two mathematics models to calculate the machining accuracy reliability and identify the error parameters which have larger influence to the machining accuracy reliability respectively. The proposed approach was performed on a heavy-duty CNC machine tool, and then it was verified by an experiment.
Introduction
Five-axis machine tools are thus widely used due to high accuracy and minimal set-up operations required [1] . Geometric errors, which contribute to 30% of the total error, should be given special consideration in the design of machine tools [2] . There are various methods of error allocation in the area of machine tools. Dorndorf U proposed an error allocation approach based on Narrow bounds [3] . Yu proposed an approach for the geometric error allocation based on response surface method [4] . Cheng addressed an optimal model of accuracy allocation of machine tool based on FOSM [5] . Cai proposed an accuracy distribution method of machine tools by applying AFOSM theory [6] . Jin et al. presented a tolerance design approach for automotive parts at an early design stage [7] . The above researches are difficult to obtain the reliability of the complexity system with high non-linearity [8] . As a result, the continuous effort lies on seeking a general approach that can be used to optimize the error parameters of machine tools.
Comprehensive Error Modeling of the Machine Tool
D-H method is introduced in the section for developing the error model of a machine tool [9] . Taking a heavy-duty CNC multi-axis machine tool (XKA28105) as an example, the 3-dimension digital structure model of the machine tool is shown in Fig.1 (a) . Then it can be abstracted into a multi-body system as shown in Fig.1 (b) .
Supposing that the tool forming point in the tool coordinate system coordinate is
, the work-piece forming point in the work-piece coordinate system coordinate is 1 T w wx wy wz
. During the actual machining process, the error caused by the gap between actual forming point and ideal forming point can be written as:
(1) In Eq.1, the error homogenous transformation matrix of the workpiece branch 
Q
can be described as follows: Table 2 are demonstrated in ref. [5] . And then, comprehensive error of five-axis machine tool can be obtained by:
Tool t E Q P Q P (3) Where E contains three parts x E ， y E and z E , and then: 
The Proposed Error Allocation Approach Based on MCS
Machining accuracy reliability can be defined as the possibility of fulfilling the specified machining accuracy and expressed by the failure possibility of machine accuracy [6] . The performance function of machining accuracy reliability can be expressed by [4] :
Where γ refers to the allowable comprehensive error.
( ) ϒ = h W , 1 2 39 =( , ,..., ) W w w w . Hence, machining accuracy reliability of the machine tool can be given by:
f W refers to the joint probability density function of the 39 error parameters. For lack of space, a description of the complete theoretical analysis of MCS is avoided, and only some important results are given.
The mathematical expectation of the ∧ F P can be expressed by:
Then, the estimated value of the variance of the ∧ F P is given by:
Sensitivity analysis can be defined as the partial derivative of the possibility of failure with respect F P to distribution parameters of basic random variables as follows [8] : 
w w w w w w w (10) The proposed approach for the geometric error allocation of the machine tool is an optimization process of the error parameters.
In the optimization process, the optimization model can be can be expressed as Eq.11, the machining accuracy reliability is taken as a constraint, and the machining accuracy sensitivity is taken as a reference of optimizing the error parameters which have the larger contribution to the failure possibility of the machine tool. 
Case Study
According to "Test code for machine tools-Part 1: Geometric accuracy of machines operating under no-load or finishing conditions" and "Test code for machine tools-Part 2: Determination of accuracy and repeatability of positioning numerically controlled axes", the permissible values of these error parameters are obtained. The initial values of the error parameters of this machine tool were measured by laser interferometers. 26 points in the working space of the machine tool was selected, and the machining accuracy reliability of each point was calculated based on MCS and Narrow bounds respectively as demonstrated in Table 2 . Table 3 illustrates the relationship between the failure probability and the error parameters of each improvement, it is clear that the maximum values and mean values of the failure possibility were decreased after every improvement of the error parameters and they showed a slight decrease after a certain improvement. It is well known that the total cost increases straightly as the values of the error parameters improved by the same values. Hence, the third improvement is the most optimal solution that the reliability reaches the design requirements while the total cost is minimal.
